Intersubband relaxation due to electron interactions with the localized phonon modes plays an important role for population inversion in quantum well laser structures designed for intersubband lasers operating at mid-infrared to submillimeter wavelengths. In this work, intersubband relaxation rates between subbands in step quantum well structures are evaluated numerically using Fermi's golden rule, in which the localized phonon modes including the asymmetric interface modes, symmetric interface modes, and confined phonon modes and the electron-phonon interaction Hamiltonians are derived based on the macroscopic dielectric continuum model, whereas the electron wave functions are obtained by solving the Schr6dinger equation for the heterostructures under investigation. The sum rule for the relationship between the form factors of the various localized phonon modes and the bulk phonon modes is examined and verified for these structures. The intersubband relaxation rates due to electron scattering by the asymmetric interface phonons, symmetric interface phonons, and confined phonons are calculated and compared with the relaxation rates calculated using the bulk phonon modes and the Fr6hlich interaction Hamiltonian for step quantum well structures with subband separations of 36 meV and 50meV, corresponding to the bulk longitudinal optical phonon energy and interface phonon energy, respectively. Our results show that for preferential electron relaxation in intersubband laser structures, the effects of the localized phonon modes, especially the interface phonon modes, must be included for optimal design of these structures.
INTRODUCTION
In recent years, novel tunneling injection lasers using structures based on semiconductor quantum wells have provided the means for achieving lasing wavelengths from the mid-infrared to the submillimeter wave region [1, 2, 3] . These Longitudinal-Optical (LO) phonon energy. It is now well known that the shape and energies of LO phonon modes are modified by quantum wells. Specifically, LO phonons in quantum wells may be described by the dielectric continuum model in terms of confined and interface modes that have properties different from those of bulk phonons [4, 5, 6] . In this paper, the interface and confined LO phonon modes of the continuum model [7] are used with Fermi's golden rule to calculate relaxation rates between quasi bound states in step quantum well structures. We show that the electron relaxation rates are dominated by the interface phonon scattering, and that the symmetries of phonon modes induce inherent selection rules of transitions among well levels. In addition, the sum rule for the form factors [6] is verified numerically for the step quantum well structures.
INTERFACE PHONON ASSISTED TRANSITION
The well structure in this study is shown in Figure  1 , denoting the innermost GaAs to be layer 1, the next A10.2sGa0.ysAs layer 2 
where q is the two dimensional phonon wavevector parallel to the heterostructure interface, ft,(co)-kn ko, CO2n--CO2n 
For long wavelengths they approach (.UL1 and cora.
f is defined as -e q(z+1/2a),
The electron-phonon interaction induces electron transition between the two well levels. Using Fermi's golden rule, the rates of transitions assisted by various modes of the interface phonon and bulk phonon are calculated as functions of electron in-plane energy. In Figure 2 , numerical results of the antisymmetric and bulk phonon assisted transitions are given at a well level energy separation of E2-E1 =47 meV, which shows that the antisymmetric interface phonon assisted transition dominates at a level separation close to the antisymmetric phonon frequency. Contributions from the other phonon modes are generally negligible.
The maximum transition rates occur when the electron in-plane energy compensates the difference between the mode frequency and energy level separation. Figure 3 presents 
SUM RULE OF FORM FACTORS
The form factors [6] can be defined through effective electron-electron interaction due to exchange of optical phonons. The form factors are independent of material parameters but depend on the spatial shape of the phonon modes and subband electron wavefunctions. In this double heterostructure, the form factors for a subband and different phonon modes are given by (6) where fs is given by eq(Z+1/2 a),
z >_ 1/2a (7) These form factors always satisfy the sum rule [6] F,(q) Fs(q) + F4(q) + Fc(q)
which is a direct consequence of the complete orthonormality of the interface eigenmodes. Verifying the sum rule provides a justification of our numerical calculations. The sum rule between the various form factors has been verified for different well levels of the step quantum well structure. As an example, in Figure 4 , the calculated form factors for level 2 are plotted. 
